In contrast to other cereals, typical barley cultivars have caryopses with adhering hulls at maturity, known as covered (hulled) barley. However, a few barley cultivars are a free-threshing variant called naked (hulless) barley. The covered/naked caryopsis is controlled by a single locus (nud) on chromosome arm 7HL. On the basis of positional cloning, we concluded that an ethylene response factor (ERF) family transcription factor gene controls the covered/naked caryopsis phenotype. This conclusion was validated by (i) fixation of the 17-kb deletion harboring the ERF gene among all 100 naked cultivars studied; (ii) two x-ray-induced nud alleles with a DNA lesion at a different site, each affecting the putative functional motif; and (iii) gene expression strictly localized to the testa. Available results indicate the monophyletic origin of naked barley. The Nud gene has homology to the Arabidopsis WIN1/SHN1 transcription factor gene, whose deduced function is control of a lipid biosynthesis pathway. Staining with a lipophilic dye (Sudan black B) detected a lipid layer on the pericarp epidermis only in covered barley. We infer that, in covered barley, the contact of the caryopsis surface, overlaid with lipids to the inner side of the hull, generates organ adhesion.
B
arley (Hordeum vulgare L.) is the world's fourth most important cereal crop behind wheat, rice, and maize. A particular botanical feature of domesticated barley is that most cultivars have covered (hulled) caryopses in which the hull (outer lemma and inner palea) is firmly adherent to the pericarp epidermis at maturity; but a few cultivars are of a free-threshing variant called naked (hulless) barley (Fig. 1) . No other Poaceae (grass) family crops show such hull-caryopsis adhesion. Both caryopsis types of barley have agronomic value and are used for different purposes. Covered barley is mainly used as an animal feed and for brewing. The hull of covered barley protects embryos from damage during mechanical harvest, and it also provides a filtration medium in separation of fermentable extract (wort) during malt processing (1). In contrast, naked barley is preferred for human food, because extensive pearling to remove the hull is unnecessary. Now that healthy effects of the soluble-fiber-rich barley products have been officially approved (2, 3), consumers' current interest in nutrition might boost the status of barley as human food.
Easy processing of edible part can be a primary character of selection during domestication of a food crop (4, 5). Consequently, the naked caryopsis is considered a key domestication character in barley (5) (6) (7) (8) . The wild progenitor of barley, H. vulgare subsp. spontaneum, has covered grains. The covered grain is therefore considered adaptive in the wild: the hulls protect the caryopses from various biotic and abiotic stresses, and the awn attached to the distal end of the lemma facilitates seed dispersal and burial (9) . According to archeological evidence (4), the earliest domestication event in barley was acquisition of nonbrittle rachises at Ϸ10,500 to Ϸ9,500 years before present (yBP), followed by the appearance of six-rowed spikes at Ϸ8,800 to Ϸ8,000 yBP. Then, naked barley appeared at Ϸ8,000 yBP. Naked barley, mostly with six-rowed spikes, has been excavated from many Neolithic agricultural settlement sites in the Near East and western India (4, 8) . It is believed that quick spread of naked barley happened in ancient times, reaching areas in Turkey, western and northern Europe, and Scandinavia and throughout Asia and Ethiopia (6) . Although naked barley is today distributed worldwide, it is frequent in East Asia, especially in the highlands of Nepal and Tibet. Its earlier maturity than that of wheat fostered its adaptation to highlands, where the growing season is short; naked barley became a staple food there. About the origin of naked barley, different interpretations (mono versus multiple origins) have been proposed (6, 10) . Because the easily noticeable naked caryopsis trait can be subject to human selection, the current distribution of naked barley is unlikely to reflect its geographic origin accurately (5). Our work in ref. 11 , based on molecular variation of a marker tightly linked to the nud locus, suggested the monophyletic origin of naked barley, but the issue remains unsolved yet. Recent comprehensive molecular evolutionary studies on the barley crop as a whole favor the interpretation of multiple domestication events at different locations (12, 13) .
The covered/naked caryopsis in barley is controlled by a single locus (nud, for nudum) located on chromosome arm 7HL (14) ; the covered caryopsis allele (Nud) is dominant over the naked one (nud). Harlan (15) reported that, in covered barley, a sticky adhesive substance appears 10 days after flowering on the caryopsis surface and that the substance is produced by the caryopsis, not by the hull. Transmission electron microscopy showed that a cementing substance is secreted from the pericarp epidermis 2 days after flowering. Its thickness increases during grain development, but its chemical composition remains unknown (1). We have been attempting map-based isolation of the Nud/nud gene (16, 17) . The present study reports molecular cloning of the Nud/nud gene. We also performed histochemical and biochemical analyses to elucidate the mechanisms controlling the covered/naked caryopsis trait. Finally, on the basis of the molecular variation of the Nud/nud gene itself, the issue of the origin of naked barley is revisited.
Results
Positional Cloning of Nud. We screened 2,828 progeny segregating for the trait from two cross combinations, using flanking markers developed in ref. 17 , and nud was delimited to a 0.64 cM interval between markers sKT3 and sKT9 ( Fig. 2A) . We then exploited barley/rice microsynteny for further localization. Integration of the flanking markers into a high-density barley expressed sequence tag (EST) map (18) selected two barley ESTs flanking the nud locus (accession nos. BJ462032 for marker 3G12 and AV935407 for marker 82C6). BLASTN analysis identified their respective homologous rice ESTs (accession nos. AK068856 and AK070667) 370 kb apart on rice chromosome arm 6L. Two rice genes (accession nos. AK061163 and AK121264) within the collinear region were successfully used as vehicles to develop closer barley markers (ABRS3 and ABRS9). Starting with markers sKT9 and ABRS3, we screened the bacterial artificial chromosome (BAC) library of the covered barley cultivar Haruna Nijo (19) . Seven rounds of chromosome walks selected 20 BAC clones [supporting information (SI) Table  1] , and a 500 kb-contig spanning the nud locus was constructed (see SI Table 2 for markers used for BAC contig assembly). An Ϸ235-kb region cosegregated with nud. In the physical map, the nud locus was covered completely with four overlapping BAC clones (Fig.  2 A) . Annotation of the sequenced BAC contig showed two predicted genes. Approximately 50% of the contig sequence was classified as repetitive elements (SI Table 3 ). An ethylene response factor (ERF) family transcription factor was the only gene that lies in the region delimited by the genetic and physical mapping and, therefore, is considered as a Nud candidate gene.
To isolate the candidate gene from naked cultivars, we attempted PCR-amplification, using the primer pair ABRS3 shown in SI Table  2 . However, no fragment amplified in any naked cultivar tested. Similarly, all other PCR primer pairs designed for every 2-kb interval in the region between 10.8 kb upstream and 2.8 kb downstream of the ERF gene failed amplification specifically in naked cultivars. A long PCR was attempted with a primer pair HNB32C2 F13-R8 ( Fig. 2B and SI Table 4) . A 3.6-kb fragment was amplified from naked cultivars, whereas the control PCR, using DNA of BAC HNB 106O20 as a template, amplified the expected Ϸ20-kb band. Sequencing of the 3.6-kb fragment obtained from two naked lines [Kobinkatagi (a Japanese landrace) and nud-Bowman (an isogenic line carrying the nud allele in the genetic background of the covered cultivar Bowman)] revealed a deletion of 16,680 bp relative to the corresponding region of the Haruna Nijo BAC contig sequence (Fig. 2B ). The 16,680-bp deletion (hereafter called the 17-kb deletion) included the entire ERF gene. Thus, the gene structure analysis of naked cultivars supports the candidacy of the ERF gene.
Sequence Analysis of Induced Naked Mutants. We then analyzed the candidate gene sequences in two x-ray-induced naked mutants (20) . We had confirmed their allelism to the nud locus through crossing experiments. Sequence analysis showed that each of the two induced naked mutants carried a different single base mutation in the putative functional motif of the ERF gene, but their wild-type varieties (Haisa's and Ackermann's Donaria, respectively) had a nucleotide sequence that is identical to that of Haruna Nijo ( Fig. 2C and SI Fig. 5 ). Mut.4129 had a T to A nucleotide substitution in the second exon that resulted in a valine (V) to aspartic acid (D) change at position 134. Mut.3041/6a had a 1-bp deletion in the second exon that caused a frame shift and generated a premature stop codon resulting in a C-terminally truncated 199-amino acid protein ( Fig. 2C and SI  Fig. 6 ). The sequence analysis of the induced mutants validated that the ERF gene comprises the nud locus, and, therefore, we will refer to the gene as nud. We designated the null (deletion) allele in naked cultivars as nud1.a, and the induced naked mutant alleles as nud1.b (Mut.4129) and nud1.c (Mut.3041/6a), respectively, according to Franckowiack and Konishi (14) .
Natural Variation of the nud Locus. Six additional naked cultivars of diverse origin [one Iranian, two Turkish, two Ethiopian, and one Nepalese] were directly sequenced for the Ϸ1.4-kb region encompassing the deletion point, using primer pairs shown in SI Table 4 ; they all shared an identical nucleotide sequence with the two standard naked lines. We developed a simple PCR assay to determine the presence or absence of the 17-kb deletion (Fig.  2B , SI Table 4 , and SI Methods). A survey of 259 world barley lines selected by Taketa et al. (11) revealed that all 100 naked cultivars shared the 17-kb deletion (nud1.a allele) and that none of 159 covered lines had the deletion. These results indicate the monophyletic origin of naked barley.
Natural variation of Nud was studied in 33 (12 domesticated and 11 wild) covered lines of diverse origin. Sequencing of an Ϸ1.7-kb region of Nud, including 5Ј-noncoding and 3Ј-noncoding regions, detected various types of nucleotide polymorphisms at 16 sites relative to the standard sequence of Haruna Nijo (SI Table 5 ). In the coding region, 11 types of single nucleotide substitution were detected; all were in the second exon. All four nonsynonymous substitutions were located outside the AP2/ERF domain, ''mm'' or ''cm'' motifs (Fig. 2C) . Nucleotide changes were also observed in the first intron and 5Ј-noncoding and 3Ј-noncoding regions. Variable microsatellites were also found. In the 3Ј-noncoding region, an 84-bp tandem duplication was detected in most domesticated lines, but no wild lines sequenced carried it. Taken together, our survey of natural allelic variation supported the identity of the nud gene.
Characterization of Nud. The Nud gene consists of two exons and one intron, and the ORF encodes a deduced protein of 227 aa ( Fig. 2C and SI Fig. 5 ). The deduced amino acid sequence of Nud is 59% and 74% identical to the Arabidopsis WAX INDUCER1/ SHINE1 (WIN1/SHN1) protein (21, 22) and a rice putative ERF protein on chromosome 6 (Os06ERF), respectively (SI Fig. 6 ). Both rice homologs had an intron in the AP2/ERF domain positioned 83 bp from the start codon, as is observed also for Nud, whereas three Arabidopsis homologs (WIN1/SHN1, SHN2, and SHN3) all contained a single intron positioned 3 bp upstream at 80 bp from the start codon (21) .
Isogenic lines of the covered cultivar Bowman and its naked version (nud-Bowman) were used in the following analyses (for details, see SI Methods). RT-PCR showed that, in Bowman, Nud was expressed only in the caryopsis with a peak at two weeks after anthesis; no expression was detected in hulls or leaves (Fig.  3A) . In nud-Bowman, no expression was detected in any tissue examined. To know the spatial expression, RNA in situ hybridization using the antisense probe was performed. Results showed that, in Bowman, Nud was expressed predominantly in the testa of the ventral side, and very weakly on the dorsal side (Fig. 3  B-F) . In nud-Bowman, no signal above background was detected (Fig. 3 C-G) . These results revealed that Nud was expressed in the tissues where adherence occurs.
Histochemical Analyses. When WIN1/SHN1 was overexpressed in Arabidopsis, shiny and twisted leaf phenotype appeared. Leaves and flowers accumulated different compositions and increased amounts of wax and cutin on the epidermis (21-23). Wax and cutin are two main components of the cuticle (24) . Biosyntheses of wax and cutin initially share a common lipid pathway starting from the same fatty acid precursors but later diverged into distinct pathways of fatty acid modification (25) . To determine whether developing barley caryopses accumulate lipids on their surface, we attempted staining with the lipophilic dye Sudan black B (Fig. 4A) . In Bowman, 1-week-old dehulled caryopses were not stained, but 2-and 3-week-old dehulled caryopses showed strong staining on their surface except for areas over the embryo. Caryopses of nud-Bowman were not stained at any stage studied. In barley grains, the pericarp and testa lie between the hull and the outermost aleurone layer. The pericarp consists of several layers of cells including parenchyma cells and cross cells. Inside the pericarp is the testa, consisting of two layers of cells (26) . Sudan black B staining of longitudinal sections from 2-week-old caryopses detected a clear lipid layer on the pericarp epidermis of Bowman only (Figs. 4 B-E) . In both genotypes, the inner sides of the lemma and palea were weakly stained. Similarly, 2-week-old dehulled caryopses of the two induced naked mutants were not stained with Sudan black B, but those of their original varieties were heavily stained (data not shown). Therefore, the presence or absence of the lipid layer on the pericarp epidermis is a critical difference that separates covered and naked barley.
Pericarp Permeability Analyses. In Arabidopsis WIN1/SHN1 overexpression plants, both chlorophyll elution and water loss were enhanced (21) . We conducted similar experiments, using dehulled caryopses 2 weeks after anthesis. Both chlorophyll elution and water loss through the pericarp epidermis were faster in Bowman than in nud-Bowman (SI Fig. 7) , suggesting that the pericarp epidermis in covered barley has enhanced permeability.
Lipid Analyses. TLC of surface lipids revealed clear differences between caryopses and hulls in each Bowman isogenic line. However, neither hull lipids nor caryopsis lipids exhibited apparent differences between the Bowman isogenic lines (SI Fig.  8 ). We presume that lipids on the dehulled-caryopsis surface of covered barley are resistant to the extraction protocol used here, because the caryopses after the extraction treatment were still strongly stained with Sudan black B.
Discussion
Using positional cloning, we identified an ERF family transcription factor gene as Nud in barley. This conclusion was validated by (i) annotation of the candidate region delimited by highresolution genetic and physical mapping, (ii) fixation of the 17-kb deletion harboring the ERF gene among all 100 naked cultivars studied, (iii) discovery of a nonsynonymous substitution(s) affecting the putative functional motif of the ERF gene in two x-ray induced nud alleles, and (iv) testa-specific gene expression. As discussed later, information from Arabidopsis WIN1/SHN1 can help explain the drastic morphological change from covered to naked caryopses in barley as a result of recessive nud mutations.
Function of the Barley Nud Gene. The Arabidopsis genome includes 122 ERF family transcription factors (27) . Characterization of the limited members suggests their important roles in plant morphogenesis and stress responses (27) (28) (29) (30) . The ERF family is classified into 10 subfamilies, and WIN1/SHN1 belongs to subfamily V (27) . Functions of Arabidopsis WIN1/SHN1 are being investigated intensively. To date, 35S:WIN1/SHN1 overexpression lines showed altered composition and increased accumulation of epidermal lipids, both in leaves and flowers, whereas the WIN1/SHN1 RNAi lines with incomplete gene silencing exhibited opposite effects on lipids (21) (22) (23) . Strangely, WIN1/SHN1 overexpression lines showed a shiny leaf phenotype despite an increased lipid deposition on the epidermis. This conflict was ascribed to altered compositions of epidermal cuticle (21, 23) . However, promoter:GUS reporter experiments showed that, in normal plants, the WIN1/SHN1 gene is predominantly expressed in areas of cell separation such as abscission and dehiscence zones. These observations suggest that the WIN1/SHN1 gene plays important dual roles in the regulation of lipid biosynthesis pathways (23) and in control of adequate tissue separation during development (21) .
By analogy to the deduced functions of the Arabidopsis WIN1/SHN1 summarized above, the barley Nud gene probably regulates composition of lipids deposited on the pericarp epidermis (Fig. 4A) . Hydrophobic lipids are synthesized in plastids within a cell. They need to move both intracellularly and intercellularly and finally be secreted to the epidermis through mediation of various transfer systems (31). Pighin et al. (32) showed that cuticular lipid export from Arabidopsis stem epidermis requires an adenosine triphosphate binding cassette transporter. The discrepancy between the site of Nud transcription in the testa and the heavy lipid accumulation on the pericarp surface might be explained as follows: Nud transcription factor protein might activate production of special lipids in the testa, so either final or intermediate lipids produced there are transported through the pericarp layers and are secreted out of the pericarp epidermis.
The epidermal lipids in plants are considered to serve as a repellent, providing a waterproof protective cover and preventing abnormal tissue adhesion during development (24) . In covered barley, however, the epidermal lipid layer on the caryopsis appears to exert opposite effects. In naked barley, the lack of the lipid layer probably blocks adhesion, thereby rendering free-threshing caryopses. Organ fusion mutants showing abnormal adhesion between epidermal cell walls have been reported in various plants. Well known examples are the maize (34) . Most organ fusion mutants are accompanied by enhanced chlorophyll permeability and altered epicuticular wax compositions (for a review, see ref. 35 ). We observed similar symptoms in covered barley caryopses ( Fig. 4A  and SI Fig. 7) . We surmise that the hull-caryopsis adhesion in covered barley might be caused by mechanisms similar to those speculated to exist in organ fusion mutants.
Advantages of Barley in Lipid Regulation Studies. In barley, Ͼ1,580 eceriferum (cer) mutants with different degrees of reduced wax in different parts, are classified into 79 complementation groups, 21 of which are assigned to a specific chromosome (36, 37) . Three barley cer mutants (cer-zv, cer-yl, and cer-ym) show weak hull-caryopsis adhesion and reduced wax in all aerial parts except the nodes; they show poor growth and reduced fertility under dry conditions (38) . These cer mutants, which are nonallelic to nud, had caryopses that were unstained with Sudan black B (data not shown). Thus, they also suggest a link between epidermal lipids and hull-caryopsis adhesion.
From Arabidopsis studies, the AP2/ERF domain is thought to function as DNA binding motifs (39) , but functional importance of the ''mm'' and ''cm'' motifs in the WIN/SHN transcription factor genes has not been clarified because of unavailability of mutants and functional redundancy among three homologs. Availability of nud mutants and tissue-specific gene expression unlike to the ubiquitously expressed Arabidopsis homolog might make barley an ideal system for further functional analyses of the WIN/SHN transcription factors. The present study provides the first evidence for functional importance of the highly conserved valine residue (position 134) in the ''mm'' motif of this ERF transcription factor regulating lipid biosynthesis pathways. Implications in Crop Domestication. As described above, in barley, some potential loci expressing the naked caryopsis phenotype exist. However, only nud has important agricultural value without pleiotropic deleterious effects on other agronomic characters, being the sole target of selection for this trait during the domestication of barley. The absence of deleterious effects associated with nud mutation is probably attributable to its strict control of gene expression localized to the testa. The present nud locus analyses reinforce our previous interpretation of the monophyletic origin of domesticated naked barley based on a tight-linked marker (11) . It is surprising that only a single fortuitous mutation event of the complete deletion of the entire Nud gene was selected by early cautious farmers and spread worldwide, because recent molecular evolutionary studies (12, 13) favored the interpretation of multiple domestication events for the barley crop as a whole. The monophyletic origin of the naked caryopsis trait sharply contrasts with the multiple origins of six-rowed spike in barley (40) .
Domestication genes for efficient recovery of edible parts have been cloned in some cereal crops. In the domestication of maize from the wild progenitor teosinte, tga1 (teosinte glume architecture 1) mutation in a squamosa-promoter binding protein family transcription factor gene resulted in exposed kernels on the cob (41). In rice, two genes controlling seed shattering were found to encode transcription factors controlling abscission layer formation, but they belong to different families: sh4 (shattering 4) is a Myb3 family (42) and qSH1 is a BEL1-type homeobox gene (43) . In macaroni and bread wheats, the Q gene on chromosome 5A was identified to encode an AP2 family transcription factor (44) . The dominant Q gene in wheat renders a free-threshing trait by reducing the tenacity of glumes and fragility of rachises, whereas the recessive q allele shows tough glumes and fragile rachises (also called ''hulled'' wheat). In barley, recessive nud mutations express naked caryopsis. It should be emphasized that the meaning of the term ''hulled'' is completely different between wheat and barley, because ''hulled'' wheat never shows hull-caryopsis adhesion. The present example of the nud gene in barley might provide further support to the important roles of mutations in transcription factors in crop domestication as proposed by Doebley (45) .
The cloning of Nud in barley might help confer the naked caryopsis trait to more distantly related wild species of the genus Hordeum or other wild grasses with covered grain and agricultural potential. Comparative Poaceae-wide analyses of Nud homologs and possible Nud target genes are in progress to elucidate how barley, alone among the grass species that have been successfully domesticated by humans, acquired the hulled caryopsis as the major type.
Materials and Methods
Plant Materials and Genetic Mapping. Genetic mapping was performed in 2,828 plants segregating for nud from two populations. For analysis of the allelic variation of Nud, two induced naked mutants (20) and 33 lines listed in SI Table  5 were used. For functional analyses, Bowman and its isogenic naked line (abbreviated as nud-Bowman) were used (for details, see SI Methods).
BAC Contig Development. BAC clones near the nud locus were selected from the Haruna Nijo BAC library (19) . Chromosome walking was repeated until a recombinant on the proximal side was identified (see SI Methods and SI Table 1 ).
BAC Sequencing and Annotation. Four BAC clones were shotgun-sequenced. Annotation analyses were carried out as described in SI Methods.
Long PCR and RACE. For determination of the deletion in naked cultivars, long PCR amplification was attempted. The full-length cDNA sequence of the Nud gene was determined by 3Ј and 5Ј RACE (see SI Table 4 and SI Methods).
Sequence Analysis of Nud Alleles. Allelic variation of the approximately 1.7-kb Nud region was studied as described in SI Methods.
Phylogenetic Analysis. We constructed a phylogenetic tree based on the deduced amino acid sequences of Nud and its homologs from Arabidopsis and rice, using the neighbor-joining method provided with CLUSTAL W (46). Histochemical Analysis. We performed sectioning of fixed grains and staining of sections or dehulled caryopses with Toluidine blue O or Sudan black B as described in SI Methods.
Chlorophyll Leaching and Water-Loss Analyses. Chlorophyll leaching and water-loss analyses were performed according to Ahanori et al. (21) with modifications described in SI Methods.
Surface Lipid Analysis. Lipids were separated by using TLC according to Tsukagoshi et al. (47) and were visualized using detection methods described in SI Fig. 8 . Methods of surface lipid extraction are described in SI Methods RT-PCR and RNA in Situ Hybridization. We performed RT-PCR and RNA in situ hybridization as described in SI Methods.
